The flux of Ultra High Energy Cosmic Rays (UHECRs) at E > 10 18.5 eV is believed to arise in plasma shock environments in extragalactic sources. Galactic sources are not able to generate these high energies and the distribution of charged particles is too isotropic to originate from the galaxy. The best candidates for particle acceleration up to 10 21 eV are believed to be the Active Galactic Nuclei (AGN) and the Gamma Ray Bursts (GRBs) environments. In these source types, relativistic shocks prevail. While shock fronts in AGN jets have boost factors of Γ ∼ 10, GRBs reach Lorentz factors of 100 < Γ < 1000. In this paper, Monte Carlo studies of particle acceleration in oblique, relativistic shocks are presented for a wide range of Γ and shock inclination angles. Both relativistic superluminal and subluminal conditions are investigated. It turns out that only subluminal shocks are efficient enough and able in accelerating particles up to 10 21 eV, while superluminal shocks are effective up to ∼ 10 5 GeV. In the case of subluminal shocks, it is found that although these shocks are very efficient to the highest energies, the resulting downstream particle spectra flatten with increasing Γ. This leads to differential spectra as flat as ∼ E −1.5 for boost factors of 1000, supporting latest observational evidence. Comparison with observation suggests AGN are the more likely source of UHECR. Since AGN outflows are less relativistic than those from GRB, their particle spectra are close to E −2 and the summation of their output fits the observed CR spectrum well.
Introduction
The observation of the energy spectrum of Ultra High Energy Cosmic Rays (UHECRs) indicate the presence of an extragalactic component at E > 10 18.5 eV. Active Galactic Nuclei (AGN) and Gamma Ray Bursts (GRBs) seem to be the two most promising source candidates for the production of charged Cosmic Rays (CRs). The work of the late 70s by a number of authors (Krymskii, 1977; Bell, 1978a,b) who based their idea on the original Fermi acceleration mechanism, first presented in 1949 by Fermi (1949) , Fermi (1954) established in principle the basic mechanism of the particle diffusive acceleration in nonrelativistic shocks. In this mechanism, test particles are accelerated in a collisionless magnetised plasma by scattering off magnetic irregularities while crossing a shock front in many cycles. Since then, considerable work has been done analytically and numerically on the subject, however questions still need to be answered on the acceleration mechanism, especially at relativistic shock speeds.
In this work, relativistic shock environments, as they are believed to occur in AGN and GRB jets, are examined by performing Monte Carlo simulation studies. It is assumed that the shocks are oblique, i.e. that the magnetic field is neither aligned with nor strictly perpendicular to the shock front normal. In this introductory section, the source candidates for those relativistic, oblique shocks are presented. In Section 2, the physical constraints and the technical details of the simulation are presented. In Section 3, the resulting spectra are presented and the spectral behaviour is examined in the context of the boost factor variation. Most importantly, the calculated spectra are used to estimate a possible contribution of AGN and GRBs to the observed diffuse spectrum of charged CRs. Finally, in Section 4 the results are summarised.
Source Candidates for relativistic shocks
As mentioned earlier, the two most promising source candidates for particle (i.e. proton or electron) acceleration to ultra-high energies are the AGN and the GRBs jet environments. Current estimate of the energy budget in GRBs available for UHECR production, is approximately 2 × 10 44 erg/Mpc 3 /yr seen as the gamma-ray GRB release rate, which seems to be the required energy release rate of > 10 18.5 eV of UHECRs, based on an assumed star formation rate (SFR) history (Vietri, 1995; Waxman, 2000) . Interestingly enough, the typical luminosity of AGN, L ∼ 10 42 −10 47 erg/s is also sufficient to explain the UHECR flux under the assumption that AGN follow the SFR. With GRBs as the most luminous transient objects in the sky and AGN as the most luminous permanent ones, these two source classes are the best candidates for the acceleration of UHECRs, following the arguments of Hillas (1984) .
The observation of electron synchrotron radiation in the radio regime, indicates that mildly-relativistic shocks of boost factors Γ ≈ 10 are present in the jets of AGN (Biermann and Strittmatter, 1987; Falcke et al., 1995) . The photon spectrum of AGN is broadband, ranging from radio up to TeV emission in the case of optically thin sources. Assuming that hadrons are accelerated along with the electrons in the jet, AGN are good candidates to be responsible for at least a significant fraction of the extragalactic component of the CR flux.
There are two types of acceleration regimes in GRBs. Close to the origin of the fireball, there are internal shocks behind the blast wave which can explain the rapid X-ray variations with a boost factor 100 < Γ < 1000 (see Halzen and Hooper (2002) and references therein). At the edge of the blast wave, maybe for all the given time that it can overcome the external medium, or maybe only when a hydromagnetic (HM) shock develops due to material piled up ahead in the shock frame, there is a highly-relativistic shock. As it slows down, a characteristic afterglow is produced, but initially GeV or more gamma-rays result. This is a synchrotron radiation regime. It is assumed that in the prompt phase of the GRB, that means during the time of internal shocks, protons are accelerated up to ∼ 10 21 eV. The total release of electromagnetic energy by the class of GRBs suggests that the CR spectrum above the ankle (E > 10 18.5 eV) can be explained by GRBs (Vietri, 1995; Waxman, 2000) .
Whereas these two source classes are good candidates to contribute charged nuclei to the highest energy part of the CR spectrum; in this work, it will be investigated how particle shock acceleration in the above mentioned sources fits the observed CR spectrum, or if a combination of both can be responsible for the diffuse observed spectrum at the very high energies.
Maximum energy
It is well known that at a first physical limitation to the acceleration of particles, is the assumed size of the acceleration region and the magnetic field present, as it has for the first time been pointed out by Hillas (1984) . Once the gyration radius exceeds the source radius, the particles escape. The maximum energy is then given as
Here, E 18 max := E max /(10 18 eV) is the maximum energy which can be achieved, β s = V s /c and is equal to 1 for the oblique shock conditions, Z is the charge of the accelerated particle in units of the charge of the electron, e. Furthermore, B µG := B/(1 µG) is the magnetic field of the acceleration region in units of 1 µG and L kpc := L/(1 kpc) is the size of the acceleration region in units of 1 kpc. As discussed by Hillas (1984) , AGN cores and radio galaxy lobes, as well as hot spots, are promising candidates for the acceleration of the highest energy events, as well as the neutron stars which are in principle able to accelerate protons up to 10 21 eV. A second criterion for particle acceleration is discussed by Hillas (1984) , is the velocity of the magnetic field inhomogeneities. This is directly connected to the energy threshold for synchrotron losses of charged particles and to the magnetic field strength. Radio galaxy hot spots allow for the acceleration of particles up to 10 21 eV and in radio galaxy lobes, energies of 10 19 eV can be produced. All other sources are not able to produce particles of such high energies, since the synchrotron time scale is shorter than the acceleration time scale.
Particularly, AGN are assumed to accelerate particles in relativistic shocks. The boost factors are typically assumed to be around Γ ∼ 10, although in special cases, the boost factor can reach up to Γ ∼ 30 − 40. It can however, be possible that the shock itself happens in a relativistic environment. This implies that the plasma flow is relativistic itself and not necessarily the shock. Here, we will still assume the relativistic movement of the shock front. The magnetic field is B ∼ 10 −3 G in the jet at a radius of r ∼ 1 kpc and the field typically decreases with the radius. This allows for particle acceleration up to the highest energies, i.e. E AGN max ∼ 10 21 eV, see Biermann and Strittmatter (1987) .
Today, it is known that GRBs are also able to accelerate protons to 10 21 eV without significant synchrotron losses, see Vietri (1995); Waxman (2000) . The acceleration of particles during the prompt emission phase, in highlyrelativistic shocks (Γ = 100 − 1000), is discussed in the following. Any acceleration during external shocks in the afterglow phase is not discussed in this context; nevertheless, in the case that UHECRs could be accelerated in the external shocks of GRB afterglows, the spectrum could resemble the AGN spectra that we calculate and present in Section 3.
The physical concept and the Monte Carlo simulations
In a past work, Begelman and Kirk (1990) have claimed that most upstream field configurations at high shock boost factors Γ appear superluminal. In the superluminal shocks the particles are accelerated in a shock drift, since there is no possibility to transform into the de Hoffman-Teller (HT) frame (Hoffmann and Teller, 1950) , where E = 0. Further to that, it is known that for the transformations from the normal shock frame (NSH) frame to the HT frame, we need to boost by a V HT speed along the shock frame, where V HT ≤ V N SH tan ψ. Due to this physical causality, this transformation is only possible if V HT is less or equal to the speed of light, c = 1. This means that when tan ψ ≤ 1 than one treats the subluminal shock transformation case. For all other cases where the inequality of the HT fails to hold, due to a very high inclination in combination with a high shock velocity, the superluminal shock condition is applied. For the simulations of the latter case, our investigation takes place in the fluid rest frames and the shock frame, which we will use as a test frame to check whether upstream or downstream shock crossing conditions apply.
Further to the physical causality of a superluminal shock condition, one may regard shock drift acceleration as a shock rest frame treatment of a single particle shock passage, which in standard diffusive shock acceleration theory is described as a transformation to the E = 0 frame, from one fluid rest frame and then to a second fluid rest frame. The shock drift mechanism is still a valid description, however is a process whereby a transformation to a global E = 0 frame is not possible when the shock surface is curved or the shock is nearly perpendicular. Under these circumstances shock drift acceleration plays a small perhaps, but signicant role by strengthening the acceleration process or may simply dominate the entire process. In detail, the shock drift mechanism is a process whereby energetic charged particles are accelerated at a collisionless shock when the electric and the magnetic fields are considered uniform and static on both sides of the shock. As viewed in the shock rest frame (SH), the particle is moving in the steep magnetic field gradient which intersects the shock surface and is effectively perpendicular to this surface. The plasmas motion at an angle to the magnetic field creates an electric field which is given by E = −u × B/c. In this mechanism, scattering is unimportant and particles can be accelerated by just one shock encounter. However due to the high inclination of this type of shock, the particle as it gyrates around the field lines, tends to cross the shock more then once in one shock encounter and thus gets large amount of energy. The drift is in a direction that is perpendicular to the magnetic field gradient (shock normal) and the magnetic field and one can see this from the following relation
As one traverses the shock from upstream to downstream, the magnetic field strength increases (for oblique, fast shocks). The drift is in such a direction as to cause the particles energy to increase.
Following Meli and Quenby (2003a,b) results, a transformation from an ini-tially isotropic rest frame distribution to an accelerated flow leads to the comoving relativistic plasma frame field distribution lying close to the flow vector. This then allows a range of subluminal situations when viewed in the shock frame. However, as implied by Begelman and Kirk (1990) , isotropic turbulence originating in the blast wave frame can lead to most practical shock situations in the shock stationary frame being superluminal. Vietri et al. (2003) raise the question as the correct reference frame in which to present jet acceleration results. To become CRs, the protons escape sideways out of the narrow beamed jet and are seen in the extragalactic rest frame. Escape upstream into the ambient medium is very unlikely. Strictly we need to employ a transformation conserving the distribution function f depending on the momentum p, so
is in the direction of vector n and energy E corresponds to momentum p and dJ/dE is the particle flux in units of GeV cm −2 s −1 sr −1 . Prime and unprimed mean rest frame and observer's frame. We demand that the total energy normalisation must be done in the rest frame. While this transformation affects the maximum energy obtained in the rest frame to some extent, the fact that escape from the beamed jet is mainly by motion perpendicular to the flow, means that we are mainly involved in transforming a momentum vector perpendicular to the relative velocity of the reference frames. In this direction, there is no Lorentz correction. For X-ray production in shocks, the downstream frame results are clearly the correct ones to employ.
In this work we conduct simulations of highly relativistic subluminal and superluminal astrophysical shocks, which are extended in order to test a possible spectral index dependence on Γ upstream flow, while the resulting spectra are used for calculating their contribution to the diffuse observed CR spectrum, based on the physical facts explained in Section 1. The shock obliquity is varying while using a series of high velocity plasma flows, ranging from Γ = 10 − 1000. In general, flow into and out of the shock discontinuity is not along the shock normal, but a transformation is possible into the normal shock frame to render the flows along the normal (Begelman and Kirk, 1990 ) and for simplicity we assume that such a transformation has already been made.
The purpose of the Monte Carlo simulations is to find a solution to the particle transport equation for highly-relativistic flow velocities. The appropriate time independent Boltzmann equation is given by the following as we assume steady state
where V is the fluid velocity, υ the velocity of the particle, Γ the Lorentz factor of the fluid frame, µ = cos θ the cosine of the particle's pitch angle θ and ∂f /∂t| c the collision operator.
The mean free path is calculated in the respective fluid frames by the formula λ = λ • · p 1,2 , where λ • scales with the particle gyroradius, r g . Additionally, we assume a momentum dependence to this mean free path for scattering along the field, related to the spatial diffusion coefficient, κ. In the shock normal, or in the x direction, the diffusion coefficient is given by κ = λv/3 where κ = κ cos 2 ψ, since we assume that κ >> κ ⊥ . At the scattering centres the energy (momentum) of the particle is kept constant and only the direction of the velocity vector υ is randomised, using a computational random number generator.
Connecting to the scattering model of the particles, it is important to point out here, that we have performed a series of simulation runs for different angles θ (cos θ = µ) for scattering. We find that as the pitch angle is changed the spectral formations do not stay the same; a trend that firstly pointed out in the work of Meli and Quenby (2003a,b) . This means that as θ varies from larger to smaller values the spectra formations become smoother, nevertheless they keep their plateau-like structure and their flatness for the highest values of the boost factor Γ. Additionally, for all θ-values used in the simulations, for Γ = 10 − 30, the spectral form remains smooth. On the other hand, structured and flatter spectra are forming as highest the shock boost factors. Work of, e.g. Ellison and Double (2004) , Stecker et al. (2007) and references therein, has shown the same trend. Additionally, workers on the field, (Gallant et al., 1999) have analytically demonstrated that small-angle scattering (pitch angle diffusion), with θ < 1/Γ, applies with θ measured in the upstream fluid frame for scattering in a uniform field or a randomly oriented set of uniform field cells. This arises because particles attempting to penetrate upstream from the shock are swept back into the shock before they can move far in pitch. Since the above is a rather special case, for this investigation we allow the particles with pitch angle diffusion to angles chosen at random, between values of 1/Γ < θ < 10/Γ. Furthermore, the conservation of the first adiabatic invariant in the HT is assumed in order to determine reflection or transmission in the oblique subluminal case. Since in this frame, the allowed and forbidden angles for transmission depend only on the input pitch and phase, not on rigidity, the results of Hudson (1965) apply. Also for an isotropic input flux, the reflection coefficient ζ is simply given by particle flux conservation between upstream magnetic flux tube area F B 1 /F B 2 ratio where F is a constant Parker (1965) . Additionally, Hudson (1965) shows that the reflection percent against pitch never varies more than 20% from the mean value. Therefore although we are aware that the anisotropy in the relativistic shock situation renders the input to the shock from upstream, very anisotropic in pitch angle, we believe it to be a reasonable first approximation to randomise phase before trans-forming to the HT frame and then to use the adiabatic invariant to decide on reflection/transmission because of what we deduce from the Hudson result. Our deduction is that taking approximate constancy of reflection probability, averaged over phase, against pitch yields the same reflection coefficient as adiabatic invariance.
For further details on the simulations see the Appendix.
Results

CR shock acceleration spectra
The physical concept and the details of the simulations which we described above have been used to perform Monte Carlo simulations for relativistic superluminal and subluminal shocks. Particularly in this section, calculated source particle spectra will be presented for both cases and we will especially focus on the relation between the source shock's boost factor Γ and the resulting spectral features. Most importantly, in the following subsection a calculation of the contribution of these spectra to the diffuse Cosmic Ray spectrum will be presented.
Superluminal shock spectra
Here we present simulations for relativistic superluminal shocks as described in the previous section and the Appendix. We follow the helix trajectory of the particle while intersects with the shock front, applying a pitch angle scatter [θ < 10/Γ, φ ǫ (0, 2π)], here for a representative shock inclination of ψ = 76
• , which is given in the shock rest frame for different boost factors 1 . Since a transformation into the HT frame is not possible as explained in the previous section, the particles are followed in the appropriate fluid rest frame and SH frame simulating the physical picture of the shock drift mechanism as we explained already. The resulted spectra from our simulations are presented in the shock frame at the downstream side, to ensure the comparability of the results with the rest.
In detail, the resulting particle spectra for Γ = 10, 100, 300, 500 and 1000 are displayed in Fig. 1 . Specifically as one sees, for mildly-relativistic shocks (Γ = 10), the acceleration is efficient only at the lowest energies E p < 100 GeV. On the other hand, highly-relativistic shocks (Γ ≥ 100) can produce particles up to E p < 10 5 GeV. It is interesting to point out that the spectra follow a 'clean' power-law with spectra indexes lying between ∼ 2.0−2.3. Nevertheless, for the case of the large-angle scattering, as shown in work of Meli and Quenby (2003b) the spectra formation cannot be described by a power-law since a limiting steep energy cut-off is forming.
It can be concluded from these simulation studies that the superluminal, relativistic shocks are not efficient accelerators for very high energy particles and are unlikely to contribute to any observed effects as we will show in the following. Concerning the efficiency of the superluminal shocks, our results concur with the work of Niemec and Ostrowski (2007) .
As we will show in the following, the situation is different for subluminal relativistic shocks.
Subluminal shock spectra
Particle spectra emitted from relativistic, subluminal shocks have been calculated, indicatively for three different angles in the shock frame, ψ = 23
• , 33
• and 43
• . The spectra are presented in Figures 2, 3 and 4. In each of the figures, particle spectra are shown for nine different boost factors, Γ = 10, 20, 30 in the first row from the left, Γ = 100, 300, 500 in the middle row and Γ = 700, 900, 1000 in the lower row. Each graph shows the logarithm of the proton spectrum dΦ/dE p in arbitrary units versus the protons' energy in units of GeV. Note that the spectrum can more generally be expressed in terms of the particle's boost factor γ = E p /(m p c 2 ). Therefore, the results are also valid for nuclei with higher mass (e.g. Fe) as long as one could find them abundant in such high energies. In the present investigation protons are considered.
As one sees from Figures 2, 3 and 4 the spectral shape starts to deviate from a power-law and forms into plateau shapes, which is expected, since the particles are swept away rapidly downstream with a low possibility to come back upstream especially for high Γ boost factors (around 20% percent of the particles return back into the shock after one shock cycle), and their small chance of return to the shock except for a relatively small subset of downstream pitch angle particle 'histories', produce the spectral irregularities and the anisotropy seen for these returning particles. We note that in the cases of Γ = 10 − 30 relatively smooth spectra are been produced which become more structured (plateau-like) at the more extreme values Γ → 1000. In the latter cases the effects of individual acceleration cycles are clearly evident. This relativistic flattening effect is consistent with previous studies of Baring (1999 Baring ( , 2004 ; Stecker et al. (2007) . Additionally, the mechanism of plateau development as an acceleration cycle effect is implicit in figure 6 of Protheroe (2001) and figure 2 of Stecker et al. (2007) and they seem independent of the shock inclination angle as long as there is a 'fixed' scattering model (which is the one that actually deviates the results of the spectral formation). The structured spectra can also be seen in the lower Γ simulations of Quenby and Lieu (1989) and Ellison et al. (1990) while Protheroe (2001) shows a similar contrast in behaviour, between large-and small-angle scattering models up to Γ = 20.
The initial bumps in most of the spectra at the lowest energies, are due to the monochromatic injection of the particles. At higher energies we approximate the spectra with a power-law. That way also, artificial injection features are excluded from the calculations. The bump at higher energies, is a physical feature, especially at high boost factors, as particles continue to be accelerated in a second cycle. The lower energy part of the spectrum is dominated by particles undergoing one acceleration shock cycle, while the second bump in the spectrum represents particles having done two cycles. We remind the reader that a shock cycle is a shock crossing from up to down to up, noting also that reflections could take place which increase the statistical energy gain of the particles in their overall encounter with the shock surface. The aim of the single power-law approximation of the spectra is to examine the variation of primary spectra with the boost factor. The spectra themselves are difficult to compare, since the structure gets more complex with increasing boost. Due to the reasons mentioned in the previous paragraph, with a simple approximation the spectral indices found can be compared for the varying value of the shock Γ.
Figures 5, 6 and 7 show the spectral index versus the boost factor for the three angles ψ = 23
• , 43
• . In each case, the spectra get harder with increasing boost factor. The correlation appears to be linear and is best for the oblique shock cases ψ = 33
• . For the case of ψ = 23
• , one could argue that this could be a quasi-parallel inclination case, which physically could be less probable to take place in such high boost factors, since geometrically the magnetic field lines have higher probability to be placed in a high inclination to the shock normal rather parallel to that. From Figures 5, 6 and 7 the linear fits yield 
This correlation confirms that the resulting spectrum is relatively independent of the shock inclination angle ψ, adding to the important indication that other test simulation runs we performed, using different values of ψ, follows the same trend and as long as the scatter model is fixed. The same figures also indicate, that the results seem to get more stable with higher obliquity. Physically, it seems as this trend continues ending up into the 'clean' power-law spectra we calculate when applying superluminal shock conditions shown in the previous subsection, but with lower efficiency. The correlation found implies that GRB particle spectra, arising from relativistic shocks with very high boost factors between 100 < Γ < 1000, have spectral indices ranging between α p ∼ 2.1−1.5. On the other hand, for shocks with Γ ∼ 10 − 30 occurring in AGN, spectral indexes have values as 2.0 < α p < 2.3 .
Moreover, the above findings support different simulation results by e.g. Baring (2004) , Stecker et al. (2007) and observational evidences (Dingus, 1995) regarding irregular and flat spectra from GRBs. These results are consistent as well with the general observational findings of the electron spectrum which may be injected from the terminal hotspots to the lobes of the powerful FR-II radio galaxies and which is not of a single and universal power-law form, as shown in detail in Rudnick et al. (1994) , Machalski et al. (2007) , etc.
These results deviate from earlier investigations by Kirk et al. (2000); Ostrowski and Bednarz (2002) , which show a saturation of the hardening of the spectra with the boost factor, α p → 2.33 for Γ → ∞ but as we mentioned before it is nowadays agreed that these past results are rather special cases to the scenario of a power-law formation and a 'universal' spectral index value. In detail, it is believed that especially relativistic shocks, are sensitive to the kinematics of the particle scattering off the magnetic inhomogeneities in turbulent astrophysical environments, which affect the very process of the first order Fermi acceleration mechanism as has been established for some time. Our work is supported by Baring (2004) and Stecker et al. (2007) and references there in, whose results, amongst other, point out that the spectra tend to get flatter with increasing flow velocity. Most importantly, it is interesting to note the striking similarity of our equivalent spectra formation with theirs, although the shock inclinations are not necessarily the same, which further reveals a trend of independence of the actual inclination of the shock to the spectral formation but, rather a dependence on the particle scattering angle, which affects the whole process of the first order Fermi acceleration mechanism as we know it. 
Diffuse CR spectra from GRBs and AGN
In the previous section, energy spectra of sources with different boost factors have been presented. These source spectra can be further translated into an expected diffuse proton signal from certain astrophysical sources by folding the spectrum with the spatial distribution of the sources. In this onset, AGN and GRBs are used as potential candidates, since these are the sources with the highest observed boost factors.
From CR shock acceleration spectra to a diffuse spectrum
The diffuse spectrum as measured at Earth depends on several factors:
• Single source spectra at the source dΦ/dE p : these are the spectra for different Γ as calculated in the previous sections. The redshift evolution of the energy needs to be considered as E p (z) = E p · (1 + z) to account for the propagation of the particles. Here, E p (z) is the energy as observed at a source at redshift z and E p is the corresponding energy observed at Earth. It is assumed that the spectra are not altered significantly in their shape by other effects. Deflection of the particles by intergalactic galactic fields only changes the direction of the particles. It does not influence the diffuse spectrum. Anisotropy arguments are not followed in this investigation.
• Fraction of AGN to GRBs: To which amount do GRBs and AGN contribute to the total spectrum? It is assumed that the total amount of the observed CR spectrum above the ankle comes from no other sources but AGN and GRBs. The fraction of the contribution from AGN and GRBs is 0 < x < 1. It is assumed that all AGN have shocks with Γ = 10, so that the single source spectrum of all AGN is
In the case of GRBs, boost factor variations between 100 < Γ < 1000 are possible with a mean value of Γ ∼ 300. Therefore, a step-function is applied, where it is assumed that 10% of the sources have Γ = 100, further 10% exist with Γ = 1000 and the majority of 80% have Γ = 300:
• Source evolution g(z): It is assumed that both AGN and GRBs follow the SFR concerning the number density evolution with comoving volume, see for example Hasinger et al. (2005) in the case of AGN and Pugliese et al. (2000) in the case of GRBs. A large sample of radio quiet AGN selected at X-ray wavelengths was investigated by Hasinger et al. (2005) . The comoving density dn/dV (z) is given as
with the parameters m = 5.0, z 1 = 1.7, z 2 = 2.7 and k = −0.43. The total redshift evolution g(z) further includes the comoving volume dV /dz and a factor 1/(4 π d 2 L ) to account for the decrease of the flux L with the distance
For simplicity, this model is used for both AGN and GRBs. Although deviations in the SFR scenarios of AGN and GRBs are expected, the approximation that both follow the distribution of radio quiet X-ray AGN is reasonable: the deviations are expected to be negligible with respect to general uncertainties arising from assumptions about the acceleration region.
• Absorption of protons at the highest energies: protons at E p > 5 · 10
19 eV are absorbed due interactions with the cosmic microwave background as it was recently confirmed by the Auger experiment, . Therefore, the diffuse spectrum as it results from the propagation of the single source spectra is modified by a further factor, exp[−E p /(5 · 10 19 eV)] to account for the effect.
• The normalisation of the diffuse spectrum: since the calculated particle spectra are given in arbitrary units, the normalisation of the overall spectrum as measured at Earth is done using observational facts.
-In the case of superluminal sources, the normalisation of the expected signal is done using the most restrictive upper limit on the neutrino signal from extraterrestrial sources given by the AMANDA experiment, see (Achterberg et al., 2007) ,
With an E −2 spectrum for both neutrinos and protons, the spectra are connected by assuming that the expected neutrino energy fluence is a fraction q of the proton spectrum,
with q = 1/40, since only 20% of the proton flux goes into pion production via the Delta resonance, 1/2 of the remaining flux goes into the charged pion component of which 1/4 goes into neutrinos. -In the case of subluminal sources, using neutrino flux limits leads to a major violation of the observed spectrum of charged CRs: the predicted flux would exceed the measured flux above the knee by several orders of magnitude and thereby violate the observations. Instead, the measured part above the 'ankle' of the CR spectrum is used for an estimate of the contribution from subluminal sources. The CR energy flux above the ankle is given as (Waxman and Bahcall, 1997, 1999) ,
It is expected that this contribution comes from a combined signal from AGN and GRBs with a fraction of 0 < x < 1.
Thus, the total spectrum as observed at Earth is given as
The minimum redshift is set to z = 0.03 to exclude the supergalactic plane, building on the assumption that many distant sources make up the spectrum rather than a few nearby ones. The maximum redshift is taken to be z max = 7.
The diffuse spectrum as measured at Earth is shown in Figure 8 . Data points represent measurements from a selection of experiments. Furthermore, our calculated spectra from superluminal and subluminal shocks are displayed as the dashed resp. the solid lines.
As we showed in the previous section, energy spectra with different shock boost factors have been presented. It is insightful to see that these source particle spectra which originate from shock acceleration, can be translated into an expected diffuse proton signal from certain astrophysical sources, by folding the spectrum with the spatial distribution of the sources. In this onset, AGN and GRBs can be potential sources, following further assumptions made in the previous paragraphs, since these are the sources where the shock acceleration regions have very high boost factors, similar to the application simulations we presented in the previous section.
In detail, as one sees from Figure 8 , in the superluminal shocks case, the only possible contribution to the measured CR spectrum is around the knee. It is expected, however, that the effective flux is actually even lower, since the normalisation is based upon the assumption that the contribution cannot be more than the current neutrino flux limits omit. Therefore, the calculated flux can be considered as an absolute upper limit. Here, the fraction of AGN protons to GRB protons has been chosen to be x = 0.5, assuming that 50% of the signal is produced by AGN and 50% comes from GRBs.
Moreover, the subluminal shocks case has been investigated for different scenarios. The upper (blue) line represents a spectrum which would be produced by AGN only (x = 1). The middle line assumes that 50% are made up by AGN and the remaining 50% come from GRBs. The lower line represents a pure GRB spectrum (x = 0). The flux is too low to explain the observed component above the ankle if a significant contribution comes from GRBs since the flatness of the GRB spectra causes this. Regarding this specific investigation it seems that the flat spectra have too high contributions at the highest energies and do not fit the present observations. Thus, within this framework, AGN are the favoured sources for the production of UHECRs.
Summary & conclusions
In this work we presented Monte Carlo simulation studies on the acceleration of test particles in relativistic, subluminal and superluminal shock environments. Source candidates were applied, such as Active Galactic Nuclei jets with mildly-relativistic shocks of boost factors of Γ ≈ 10 − 30 and Gamma Ray Bursts regions with highly-relativistic shocks, 100 < Γ < 1000 and their resulting particle spectra were used to calculate a possible contribution to the diffuse CR spectrum.
In detail, the resulting particle spectra from the shock cases mentioned above, have been investigated by varying the shock boost factor Γ as well as the shock obliquity, i. e. the inclination angle between the shock normal and the magnetic field, ψ. Specifically, for three angles, ψ = 23
• , shocks were simulated with a series of different boost factors, Γ = 10, 20, 30, 100, 300, 500, 700, 900, 1000. It is found that only subluminal shocks are efficient enough and able in accelerating particles up to 10 21 eV, while superluminal shocks are effective up to ∼ 10 5 GeV. Flat spectra are found for very high shock boost factors but for superluminal shocks spectral indexes stay constant between values of 2 to 2.3. For subluminal shock cases, recent results from other workers, clearly show the general trend that the spectra become flatter as higher the Γ of the shock and there is no universal spectral form, rather a variety of spectral shapes, most probably affected by the scatterring model applied, as there is yet under question the microphysics of the particles kinematics scattering off the magnetic inhomogeneities, close to a relativistic shock front.
Our results can be summarised as follows:
(1) For the case of the subluminal shocks, while the result remained constant for the different inclination angles, a linear behaviour between the spectral index α p and the shock boost factor Γ was found, leading to spectra of α p ∼ 2.0 − 2.3 for mildly-relativistic shocks of Γ ∼ 10 − 30, but producing much harder spectra for highly-relativistic shocks. Specifically, for very high shock boost factors of Γ > 700, the spectra can become as flat as 1.8 < α p < 1.5, which are in general in accordance with observational evidence (e.g. Dingus (1995) ). We note that the scatter model in the sim-ulations was fixed, since we found a sensitivity of the spectral formation behaviour to the given scattering angle. Interestingly, a correlation between the spectral index and the boost factor Γ of the shock is found. The spectra flatten with increasing Γ as
Here, we do not wish to point to the exact mathematical expression, but rather to the observed tendency. This result implies that GRB particle spectra, arising from relativistic shocks with very high boost factors between 100 < Γ < 1000 have spectral indices ranging between α p ∼ 2.1 − 1.5. On the other hand, as we mentioned above, AGN have spectral indexes as, 2.0 < α p < 2.3 . Moreover, the above findings support different simulation results by e.g. Baring (2004) , Stecker et al. (2007) and observational evidences (Dingus, 1995) regarding irregular and flat spectra from GRBs. We note that our work is as well consistent with the general observational findings of the electron spectrum which may be injected from the terminal hotspots to the lobes of the powerful FR-II radio galaxies and which is not of a single and universal power-law form, as shown in detail in Rudnick et al. (1994) , Machalski et al. (2007), etc. (2) It is shown that superluminal shocks are only efficient in accelerating CRs up to E p ∼ 10 5 GeV and resulting in spectral indices of α p ∼ 2.0 − 2.2. On the other hand, subluminal shocks are more efficient and able to accelerate CRs up to E p ∼ 10 21 eV, as discussed in Section 1.2. (3) In paragraph 3.2 we discuss the possible contribution of AGN and GRBs to the UHECR flux. Specifically, for superluminal sources, such a contribution can be excluded, using current neutrino flux limits to normalise the spectrum to the highest possible contribution. In the case of subluminal sources, the spectrum is normalised to the CR flux above the ankle, E min = 5 · 10 9 GeV. Using only AGN (Γ = 10), the spectrum fits the data quite well. With a significant contribution from internal shocks in GRBs (100 < Γ < 1000), however, the total spectrum becomes too flat and cannot explain the lower part of the spectrum around E p ∼ 5 · 10 9 GeV anymore. If UHECRs are accelerated in the external shocks of GRB afterglows, the spectrum would resemble the AGN spectrum and a contribution could be possible as well.
Our work justifies and is supported by the recent theoretical and computational studies on the Fermi particle acceleration which is taking place at relativistic shocks. Further observation of the Cosmic Ray spectrum at the highest energies by Auger and other future experiments will help to solve the question of the properties of relativistic shocks as the sources of the highest energy Cosmic Rays.
Technically, for the diffusive shock acceleration in subluminal shock conditions, in order for the equation (3) to be solved by the Monte Carlo technique, we assume that i) the collisions represent scattering in pitch angle and ii) the scattering is elastic in the fluid frame. Since we assume that the Alfvén waves have lower speed then the plasma flow itself, the scattering is elastic in the fluid frame and a phase averaged distribution function is approximated.
We begin the simulation by injecting 10 5 particles far upstream and of a weight w p equal to 1.0. A splitting technique is used similar to the one used in the Monte Carlo simulations of Meli and Quenby (2003a,b) , so that when an energy level is reached such that only a few accelerated Cosmic Rays remain, each particle is replaced by a number of N particles of statistical weight 1/N, so as to keep roughly the same number of CRs being followed. Then, the first order Fermi (diffusive) acceleration can be simulated, provided that particles' guidance centre undergoes consecutive scatterings with the assumed magnetised media while in each shock crossing these particles gain an amount of energy. Specifically, the particles are assumed to be relativistic having an initial boost of γ ∼ (Γ + 100) while they are injected upstream towards the shock and are allowed to scatter in the respective fluid frames with their basic motion described by the guiding centre approximation. We note here that Bell (1978a,b) and Jones and Ellison (1991) have shown that 'thin' sub-shocks appear even in the non-linear regime, so at some energy above the plasma Γ value, the accelerated particles may be dynamically unimportant while they re-cross the discontinuity. Another way of arriving at the test-particle regime is to inject particles well above the plasma particle energy when they are dynamically unimportant and thus require the seed particles to have already been pre-accelerated.
The reference frames used during the simulations are the upstream and downstream fluid frames the normal shock frame (NSH) and the de HoffmannTeller (HT) frame. For the oblique shock cases that we apply here, provided the field directions encountered are reasonably isotropic in the shock frame, we know that tan ψ 1 = Γ −1 1 tan ψ s ∼ Γ −1 1 ∼ ψ 1 where '1' and 's' refer to the upstream and normal shock frames respectively. Given the current interest in following shock acceleration in the relativistic flow in test particle regime, we outline a typical approach to such computations. Using the guiding centre approximation, a test particle moving a distance, d, along a field line at ψ to the shock normal, in the plasma frame has a probability of collision within d given by P (d) = 1 − exp(−d/λ) = R. Where the random number R is 0 ≤ R ≤ 1. Weighting the probability by the current in the field direction µ yields d = −λµ ln R. The pitch angle is measured in the local fluid frame, while the value x i gives the distance of the particles to the shock front, where the shock is assumed to be placed at x = 0. Furthermore, x is defined in the shock rest frame and the model assumes variability in only one spatial dimension.
During our simulations continuous Lorentz transformations are performed from and into the local plasma frames from or into the shock frame in order to check for particle shock crossings. All particles leave the system if they escape far downstream at the spatial boundary r b . The downstream spatial boundary required, can initially be estimated from the solution of the convectiondiffusion equation in a non-relativistic, large-angle scattering approximation in the downstream plasma which gives the chance of return to the shock as, exp(−V 2 r b /x i ). In fact, we have performed many runs with different spatial boundaries to investigate the effect of the size of the acceleration region on the spectrum, as well as to find a region where the spectrum is size independent. We note that in the pitch angle diffusion case, the inherent anisotropy due to the high downstream sweeping effect may greatly modify this analytical estimate. Alternatively, the particles leave the system if they reach a specified maximum energy E max for computational convenience.
For the superluminal shock conditions, where the physical picture of the shock drift acceleration applies, we specifically consider a helix trajectory motion of each test-particle of momentum p, in the fluid frames upstream or downstream respectively, where the velocity coordinates (v x , v y , v z ) of the particle are calculated in a three dimensional space as follows υ x i = υ i cos θ i cos ψ i − υ i sin θ i cos φ i sin ψ i ,
and,
where θ i is the pitch angle, φ i ∈ (0, 2π) and ψ i is the angle between the magnetic field and the shock normal in the respective fluid frames (i=1,2 for upstream and downstream respectively).
We follow the trajectory in time, using φ i = φ • + ωt, where t is the time from detecting shock presence at x N SH , y N SH , z N SH by using,
assuming that δt = r g /Hc where H ≥ 100 and r g is the Larmor radius. The particle's gyrofrequency ω is given by the relation, ω i = e| B i |/γ i , B i is the magnetic field, γ i is the particle's boost factor and e is its charge in gaussian units.
In principle, we follow the helical trajectory of each particle in time t, where t is the time from detecting the shock intersection at x, y, z. Nevertheless, because of the peculiar properties of the helix we need to establish where a particle, starting off in the upstream frame, of a particular θ and φ first encounters the shock. To establish when this happens, we choose to go back a whole period, T i = 2π/ω i by reversing signs of the helix velocity coordinates by keep checking throughout the simulation if the particle trajectory encounters the shock front, placed at x = 0 in the shock rest frame. If the particle encounters the shock then the suitable Lorentz transformation to the relevant fluid rest frame is made and we continue following the particle helical trajectory. On the other hand, if the particle does not encounter the shock, then its guiding centre is followed, the same way as in the diffusive acceleration picture of the subluminal shocks. Eventually all the particles of the simulation leave the system, if they reach a defined E max momentum boundary, or alternatively a spatial boundary r b , following the probability of returning to the shock, as previously discussed for the subluminal case.
